We have calculated the adsorption energy of carbon monoxide on a monolayer of copper adsorbed on the (1 1 1) face of cubic zirconia. For the bulk oxide, we compute the structural parameters of cubic, tetragonal, and monoclinic ZrO 2 and obtain good agreement with experimental parameters. We also analyze the structural relaxation of the stoichiometric, oxidized and reduced (1 1 1) surfaces of cubic zirconia (c-ZrO 2 ). For adsorption of copper on stoichiometric c-ZrO 2 , we ®nd that the preferred binding site is atop the terminal oxygen atom, favored by 0.4 eV over other high symmetry sites. Charge density rearrangement reveals that adsorption on the oxide support causes a depletion of charge from the Cu d z 2 orbitals. Consequently, CO adsorption on zirconia-supported copper is signi®cantly stronger than CO adsorption on clean c-ZrO 2 or clean Cu(1 0 0). Ó
Introduction
Oxide-supported transition metals have received much attention due to their utility in automotive catalysis and other catalytic processes [1, 2] . Use of an oxide as a support material for transition metals has clear economic bene®ts, because it reduces the amount of costly noble metals (e.g., Rh, Pt) that need to be used in functioning catalysts. Also, metal islands and particles often show enhanced catalytic activity beyond that of the bare metal [3] . Moreover, the ability of the support material to contribute oxygen to chemical reactions can signi®cantly enhance many catalytic mechanisms. Zirconia (ZrO 2 ) is a technologically important catalytic support medium. This material has many other applications, as well, including gas sensors, solid fuel cells, and high durability coatings.
Copper has been identi®ed as an important catalytic agent for NO reduction and CO oxidation [4±10] . For instance, Cu-ion exchanged zeolites [4±7] such as Cu/ZSM-5, alumina-supported CuO [8] and ZrO 2 -supported copper [9, 10] all exhibit high activity for the catalytic promotion of NO x reduction by CO (forming N 2 and CO 2 ). An especially attractive quality of the Cu/ZrO 2 Surface Science 495 (2001) 44±50 www.elsevier.com/locate/susc system is its unusually high catalytic activity for the NO±CO reaction at very low temperatures (100±200°C) [9, 10] . This heightened activity has been shown to correlate with the presence of highly dispersed Cu species on the ZrO 2 surface, and it persists until copper atoms agglomerate into large particles.
Because of its potential importance as part of the next generation of automotive catalysts, the Cu/ZrO 2 system merits in-depth scienti®c investigation. Toward that end we have performed a series of ab initio calculations to study the energetics of molecular adsorption on this substrate. Although there have been previous theoretical studies of bulk ZrO 2 [11±18] and recent thorough investigations of ZrO 2 surfaces and interfaces [19, 20] , this paper presents the ®rst study of molecular adsorption on a ZrO 2 -supported metal ®lm.
In this exploratory investigation, we consider a simple model system consisting of a monolayer of Cu on the (1 1 1) surface of ZrO 2 (i.e. 1 Cu atom per 1 Â 1 surface cell). This model is computationally very ecient because of the short in-plane periodicity. While full Cu-monolayer coverage would probably be dicult to stabilize experimentally, the adsorption studies we report below are unlikely to change qualitatively for lower metal coverages on ZrO 2 . Thus, this model system is a natural starting point for future studies of adsorption on oxide-supported copper clusters. Furthermore, studying the interactions of molecules with individual atoms in a copper monolayer makes contact with the highly active NO±CO system mentioned earlier. To aid in interpretation, we make a direct comparison between adsorption onto our Cu/ZrO 2 model system and onto the bare Cu(1 0 0) surface.
Method
All calculations in this study use density functional theory (DFT) [21, 22] within the plane-wave pseudopotential [23] method to determine all structural parameters and energies. Exchange and correlation were treated within the generalized gradient approximation (GGA) [24] .
Optimized pseudopotentials [25] for all elements were constructed to be well converged for a 50 Ry plane wave cut-o energy. Furthermore, the Zr and Cu pseudopotentials used the designed nonlocal approach [26] to improve transferability. Table 1 shows the reference con®guration and core radii used for all potentials in this paper. The 4s and 4p states were included in the Zr potential, since these states can be chemically relevant. Rigorous testing showed that all pseudopotentials were highly transferable.
For bulk systems, Monkhorst±Pack (MP) [27] special k-point sets were used for Brillouin zone integrations. For the bulk cubic system, calculations using 10 irreducible k-points gave a convergence error of less than 1 meV per unit cell. Similar convergence criteria were used for the other bulk systems.
Calculations involving the (1 1 1) surface unit cell employed a periodic slab geometry. All zirconia surface calculations used the Ram õrez±B ohm [28] k-point sampling method. Using three irreducible k-points, total energies were within 3 meV per ZrO 2 formula unit of the converged value. Structural relaxations were performed for slabs containing three, ®ve, and seven ZrO 2 layers. The relaxations of the innermost layers of the sevenlayer slab were less than 0.2% away from the bulk interlayer spacings. The relaxation of the single innermost layer of the ®ve-layer slab was also small. Furthermore, the relaxations of layers closer to the surface were similar for these two slab models. For these reasons, a ®ve-layer slab was chosen for all surface calculations. A vacuum layer 19 A thick (about seven ZrO 2 layers) was included between the periodic slab images. In all surface calculations, adsorbates were placed on both sides of the slab. Based on previous experience with CO on Cu(1 0 0) [29] , we used a (2 Â 6 Â 6) MP k-point mesh and a seven layer slab with 20 A of vacuum for these calculations.
All structures were relaxed until the forces on all atoms were less than 0.01 eV/ A. Only displacements that maintained the space group of each system were allowed, i.e., the possibility of surface reconstruction was not explored.
Results and discussion

Bulk zirconia
The ground-state phase of zirconia (baddeleyite) has a complex monoclinic structure (m-ZrO 2 ) with nine internal degrees of freedom and four formula units per primitive cell. Each Zr cation is sevenfold coordinated by oxygen in the monoclinic phase. The structure can be viewed as alternating layers of Zr and O, with the coordination of the O atoms alternating between three and four from one oxygen layer to the next.
At about 1400 K, a ®rst-order martensitic phase transition occurs, yielding the tetragonal phase (tZrO 2 ). This tetragonal form of zirconia can be viewed as a simple distortion of the cubic¯uorite structure, with alternating columns of oxygen atoms along one crystallographic axis shifting upward or downward by an amount d z . This structure is described by two lattice constants, a and c, and it has two formula units per unit cell.
Above about 2650 K (up to the melting point at 2950 K), zirconia assumes the cubic¯uorite structure (c-ZrO 2 ). In this phase there is only one degree of freedom, the lattice constant a. The cubic structure can be stabilized at room temperature by incorporation of a few percent of Y 2 O 3 or other oxides. Addition of cation impurities also improves the thermochemical properties substantially, giving the cubic phase extremely high strength and thermal-shock resistance. Table 2 shows the optimized structural parameters computed for the monoclinic, tetragonal and cubic phases of bulk zirconia (see Fig. 1 ). Lattice parameters are given in A, and internal coordinates are dimensionless. All computed values are in good agreement with experiment [30] . Furthermore, our calculations agree extremely well with a recent ab initio study of bulk ZrO 2 [20] . In particular, both studies ®nd a similar overestimation of lattice constants determined within GGA. Table 3 shows the structural relaxation data for three (1 1 1) surfaces of c-ZrO 2 : the stoichiometric, reduced and oxidized surfaces. The stoichiometric surface is formed by cleaving the crystal between two ZrO 2 formula units. The reduced and oxidized surfaces are obtained by cleaving within one formula unit, forming a reduced and oxidized pair.
Cubic zirconia (1 1 1) surface
The stoichiometric surface shows an outward relaxation of the top oxygen-zirconium spacing and a signi®cant reduction in the oxygen±oxygen interlayer spacing between the two outermost layers of ZrO 2 formula units. The reduced surface shows a large inward relaxation of the top Zr±O spacing by about 27%. A similar result is obtained for the oxidized surface; here the top O±Zr layer relaxes inward by about 33%. The energetic cost to cleave the crystal in vacuum into two stoichiometric surfaces is 0.64 eV/ (1 Â 1) surface unit cell (56 meV/ A 2 ), whereas the cost to form the oxidized/reduced pair (in vacuum) is 9.95 eV/(1 Â 1) cell (870 meV/ A 2 ). This result shows that formation of the stoichiometric surface is highly preferred in UHV conditions and, therefore, will be the only type of surface considered in our remaining calculations. A detailed study of many zirconia surfaces can be found in Ref. [19] .
Copper on c-zirconia
Before investigating the chemisorption of CO on zirconia-supported copper, we determined the preferred binding site for copper on (1 1 1) c-ZrO 2 . Shown in Fig. 2 are three high-symmetry positions on this surface: the top oxygen site (O1), the threefold hollow site directly above the zirconium atom (Zr), and the hollow site above the subsurface oxygen atom in the top ZrO 2 formula unit (O2). Table 4 shows the structurally relaxed GGA binding energies of a copper atom centered on each of these three sites. As shown in the table, the O1 site is preferred by about 0.4 eV/atom over the other possible sites.
We compare the binding energy of copper on the c-ZrO 2 surface with the cohesive energy of bulk copper. Since the cohesive energy is roughly twice the adsorption energy of copper on c-ZrO 2 , the oxide-supported copper monolayer is, at best, a metastable con®guration. Annealing this monolayer would result in the formation of copper particles on the oxide surface.
Despite this behavior, studying this commensurate copper overlayer is instructive. Because of the lattice mismatch, this overlayer is chemically more like an isolated copper atom than a two dimensional metal. This property will allow us to probe the low coverage regime (i.e. before clusters form) where isolated atom eects dominate.
In order to understand the eect of the support on the layer of copper atoms, we have plotted in Fig. 3 the induced charge density pro®le (q Cu±ZrO 2 ± q Cu ±q ZrO 2 ) in the 2 1 1 plane. Regions of increased and decreased charge density are represented by solid and dashed lines, respectively. A signi®cant broadening of the oxygen charge density is seen. In the copper atom, the dominant loss of charge due to adsorption occurs in the regions directly above and below the copper atom, corresponding to a depopulation of a d z 2 -like orbital, where, for purposes of this discussion, we use local Cartesian coordinates with the z-axis along [1 1 1] . There is also a slight increase of charge to the left and right of the Cu atom. Since the surface oxygens are undercoordinated, (three metal neighbors as opposed to four in the bulk), the bonding of Cu at the top oxygen site will tend to replenish the oxygen electron density. Therefore, surface undercoordination motivates the observed charge transfer from the copper to the oxygen atoms. A similar type of charge rearrangement has been shown for a monolayer of transition-metal atoms adsorbed at the top oxygen site in Al 2 O 3 [31] .
CO on Cu±ZrO 2
With the preferred binding site of copper determined, we can now compute the relaxed structure and binding energy of carbon monoxide on the oxide-supported monolayer of copper. Our results are tabulated in Table 5 , which also summarizes our calculations for CO on bulk Cu(1 0 0) and on ZrO 2 (1 1 1). For CO±ZrO 2 , there is only one stable adsorption geometry, in which the CO is bonded to the Zr hollow site, with the carbon end toward the surface. We have calculated this binding energy to be only 0.14 eV/CO. All other orientations and binding sites yield negative binding energies.
It is illustrative to compare the binding energy of CO on zirconia-supported copper to that of c(2 Â 2)-CO on the Cu(1 0 0) surface. As seen in Table 5 , the nearest-neighbor distance of CO molecules is very similar for these systems. Our computations reveal that the binding energy of CO on zirconia-supported copper is nearly 0.5 eV greater than that of CO on the Cu(1 0 0) surface. This eect is predominantly due to the reduction of charge in the d z 2 orbital for the supported copper overlayer. Many studies have shown that for adsorption of CO on copper surfaces (top site adsorption), there is a repulsive interaction between the 5r lone pair state (predominantly localized on the carbon atom away from the C±O bond) and the copper electron density [32] . The reduction of electron density on the copper atom due to its interaction with the zirconia substrate diminishes the degree of repulsion that occurs upon CO adsorption. Therefore, due to support eects, the CO molecule forms a much stronger bond to the supported copper overlayer than to the copper metal surface. 
Conclusions
In this paper we have shown that CO binds more strongly (by at least 0.50 eV) to copper atoms supported on a zirconia substrate than to either a bulk copper surface or a clean zirconia surface. Moreover, we ®nd that charge transfer from Cu to ZrO 2 is primarily responsible for providing a more favorable chemical environment for the carbon lone pair of the CO molecule.
These results provide a ®rst step toward developing a microscopic understanding of the experiments showing an enhanced catalytic activity of this system at low temperature for promoting NO x reduction by CO [9, 10] . One of the key processes in surface catalysis is the binding of the reactants to the catalyst. The stronger CO±Cu bond will give rise to a higher sticking probability (and thus a higher adsorption rate) for CO on the oxide-supported copper than on the bulk copper surface. This behavior is consistent with the experimental observation of a reduction in the catalytic activity of copper on ZrO 2 as the dispersed Cu atoms agglomerate into metallic particles. While the Cu atoms are dispersed, the CO±Cu interaction behaves more like the CO/Cu/ZrO 2 model, and the bond is strong; whereas when metallic particles form on the oxide surface, the CO±Cu interaction behaves more like that of CO with bulk Cu(1 0 0), and the bond is comparatively weak.
Because of the prevalence of oxide-supported metals in modern heterogeneous catalysis, research aimed at developing a microscopic understanding of these materials will likely have an important impact on improving catalytic functionality. We demonstrate in the present paper on the CO/Cu/ ZrO 2 system how ®rst-principles theory can provide valuable information and insights toward achieving this understanding.
